The surface-subsurface architecture of the critical zone (CZ) regulates the hydrologic and geochemical processes that drive the CZ function. Due to the complex heterogeneity, highly coupled processes, and the dynamic controlling mechanisms across scales, CZ science faces grand challenges on interface coupling, process integration, and scaling. Carbon-water cycles are important physical-geochemical processes in the CZ. However, the key factors that govern the carbon-water processes across spatiotemporal scales under natural conditions are poorly understood. Especially, such research in the CZ of the alpine region, e.g., the Qinghai-Tibet Plateau (QTP), has not been reported yet is challenging to conduct. The Qinghai Lake Basin Critical Zone Observatory (QLBCZO) is being established to study alpine hydrology, carbon-water processes, and ecological functions on the northeastern QTP. Previous studies in the QLBCZO mainly focused on ecohydrologic processes and the water budget. Currently, the QLBCZO is designed to integrate state-of the-art observation techniques (such as including deep coring, ground-penetrating radar, electrical resistance tomography, isotope technique, and remote sensing) and frontier modeling approaches to investigate: (i) the three-dimensional architecture of the subsurface environment (vegetation-soil-rock-microbial community) as well as the carbon and water storage, (ii) multiscale carbon-water processes and carbon-water budget, (iii) interactions between freeze-thaw and carbon-water processes, and (iv) carbon sequestration and water resources. The establishment of the QLBCZO and its associated research would be crucial for advancing both theory and methodology for the CZ and Earth system science research on the QTP and alpine regions in general.
The QTP is known for its sensitivity to global change. Especially the carbon-water processes in the QTP have not been systematically studied. For example, the estimation of the size, distribution, and changes in carbon sources and sinks in different ecosystems of the QTP is quite uncertain. Another important feature is that the area of permafrost in the QTP has been severely reduced from 1.50 ´ 10 6 to 1.05 ´ 10 6 km 2 in the past 30 yr (Cheng and Jin, 2013) , although how the frozen soil affects the carbon-water process is still under investigation. In addition, the area of the lake on the QTP is 42,423 km 2 , accounting for 75% of the total lake area in China . However, there have been few studies on how the QTP lakes respond to carbon-water processes and ecological functions in the QTP CZ with climate change. Therefore, it is necessary to investigate the coupling and mechanism of the carbon-water cycle, the freeze-thaw process, and their interactions on the QTP.
The QLBCZO is being established to study carbon-water processes and ecological functions in the CZ on the northeastern QTP. The QLBCZO lies in the sensitive semiarid zone between the Asian summer monsoon-controlled (humid) and the westerlies-influenced (arid) areas of Asia. All the ecosystems in the QLB are extremely vulnerable and sensitive to climate change and human activities. Qinghai Lake is the largest inland saline lake in China and possesses a continuous sedimentary sequence at least back to the Pliocene period (5 million yr). It is a natural archive of environmental change and stores fruitful information on the history of climatic change, especially climatic variation, vegetation succession, tectonic activity, glacial effects, and their connections with global change (Dong et al., 2006) . From 1961 From to 2004 , the lake has experienced severe declines (average 7.6 cm yr −1 ) in water level, and its catchment has suffered from a series of environmental problems, including grassland degradation, wetland shrinkage, biodiversity reduction, desertification expansion, and lake water deterioration (Li et al., 2007 (Li et al., , 2009 Hao, 2008; . However, the associated processes and mechanisms that caused the environmental and ecosystem changes have not been fully understood. The QLBCZO is unreplaceable and attractive to study carbon-water processes because of the following aspects:
1. The QLBCZO has unique characteristics of an alpine and semiarid ecosystem. There is a variety of natural ecosystems such as lakes, rivers, sandy land, shrubs, grassland, and farmland. It also has obvious characteristics along its altitudinal gradient including alpine desert, alpine meadow, subalpine shrub, alpine grassland, lakeside wetland, lake sandy land, and lake. It is therefore an ideal area for studying carbon-water processes and coupling mechanisms.
2. Qinghai Lake is a closed inland lake with a clear watershed boundary. Vertically, the flow and transport processes along with carbon-water exchange can be measured across interfaces(plant canopy, soil and roots, rock). Horizontally, the carbon transport processes can be studied on the scales of pedon, slope, catchment, and watershed. In summary, the interactions and mechanisms of the multiscale, multi-interface carbon-water processes in the CZ are fundamental and should be investigated in detail.
3. Under the influence of climate change and freeze-thaw cycles, the QLBCZO is no doubt an interesting site to investigate the dynamics and mechanisms of the coupled carbon-water processes in an alpine region ecosystem.
The QLBCZO was established in 2008 by a research team from Beijing Normal University to restore degraded wetland and quantify ecohydrological processes and the water budget with in situ measurements across multiple scales (from stomata to watershed). The QLBCZO was then funded by the first National Natural Science Foundation of China Critical Zone (CZ) key research program and began in 2017 to quantify carbon-water processes and functions. This research project is designed to establish the first alpine CZO in the QLB (high-altitude, cold, and semiarid region) along environmental gradients (altitude, precipitation, and temperature) with different landscapes (cold desert plant, cold meadow, shrub, grassland, sandy land, and lake body). Current studies involve frontier research that is multiscale (soil pore, pedon, hillslope, and catchment and leaf, individual plant, community, and ecosystem), multi-interface (plant-atmosphere, root-soil, soil-atmosphere, and soil-rock), and multi-interdisciplinary (such as soil science, hydrology, ecology, and biogeochemistry). Here we review the research accomplishments from a decade of observations and introduce future perspectives that will include joint efforts of observation, experiment, and modeling.
Motivation and Science Questions
The ecohydrological processes in the QLB are complex, and the causes of environmental and ecosystem change are still uncertain. Research in the QLBCZO in the past decade has mainly focused on how climate and anthropogenic activities influence the water cycle and ecological degradation. Specific scientific questions have included:
ʶ What was the inherent hydrological mechanism for the degradation of different ecosystems along precipitation and temperature gradients and how does the water cycle couple with ecological process?
ʶ What were water flux and surface energy budgets in various terrestrial ecosystems and the Qinghai Lake?
ʶ How did precipitation, surface water, groundwater and lake water interact with each other?
ʶ How should water resources be allocated for sustainable development in the QLB?
Ongoing QLBCZO research will build a multidisciplinary observatory using integrated methods including observation, measurements, and modeling approaches (such as deep coring, ground-penetrating radar [GPR] , electrical resistance tomography [ERT], X-ray computed tomography [XCT] , isotope techniques, remote sensing, groundwater modeling, land surface models, integrated hydrologic models, etc.) to investigate: (i) the three-dimensional heterogeneous architecture of the subsurface environment (vegetation-soil-rock-microbial community) and carbon and water storage; (ii) coupled carbon-water processes across scales and the carbon-water budget; (iii) interactions between freeze-thaw and carbon-water processes; and (iv) carbon sequestration and water resource variation in the CZ of the QLB. We aim to address the grand challenges of improving the prediction of storage and the flux of water and carbon from the pedon to the watershed scale for advancing theoretical and methodology research in the alpine region CZ.
Qinghai Lake Basin Characteristics
Qinghai Lake is the largest inland saline lake on the QTP in China, with a catchment of approximately 29,661 km 2 (36°15¢-38°20¢ N, 97°50¢-101°20¢ E) (Fig. 1) . Qinghai Lake, in a cold, Fig. 1 . Qinghai Lake Basin Critical Zone Observatory: location, landscape, and the observation sites.
alpine region with an area of 4425 km 2 (2016), is a unique site for the CZ science, as it is a closed inland lake with no surface water outflow. More than 40 rivers flow into Qinghai Lake, most of which are intermittent. The longest and largest river is the Buha River, with a discharge of 7.85 ´ 10 8 m 3 yr -1 , which is almost half of the total runoff to Qinghai Lake. The second largest river is the Shaliu River with a discharge of 2.46 ´ 10 8 m 3 yr -1 , which is 14.5% of the total runoff to the lake. The local climate in the catchment is cold and semiarid, influenced by the East Asian monsoon, the Indian monsoon, and westerly atmospheric flow. The average annual temperature ranges from -1.1 to 4.0°C, and the mean annual precipitation varies from 291 to 579 mm, while the average annual evaporation is up to 1300 to 2000 mm. The vegetation is dominated by alpine meadow, montane shrub, and grass ( Fig. 1 ; Table 1 ). The QLB also has limited areas of desert and irrigated farmland to the north and northeast of the lake (Li et al., 2009 ). The soil types in the catchment are Gelic Cambosols, Sandic Primosols, Orthic Gleyosols, and Ustic Isohumosols ( Table  1 ). The bedrock mainly consists of metamorphic and acidic igneous rocks. Limestone outcrops are scattered throughout the western part of the catchment (Lanzhou Branch of Chinese Academy of Sciences, 1994) . Seasonally frozen soil is widely distributed in the QLB, and freeze-thaw processes strongly influence flow and solute transport in the subsurface and interactions with the lake (Xu et al., 2010) . The groundwater table around the Qinghai Lake usually varies between 4 and 7 m.
Long-Term Hydrometeorological Observations
The existing long-term hydrometeorological observations were mainly designed for studying energy and water budgets in typical ecosystems in the catchment. Six Bowen ratio towers were deployed along the elevation gradients to measure the energy budget. The selected six locations were distributed in five major terrestrial ecosystems (Kobresia pygmaea meadow [KPM] , Potentilla fruticosa shrub [PFS] , Achnatherum splendens steppe [ASS] , Stipa purpurea steppe [SPS] , and Brassica juncea farmland [BJF] ) and the Qinghai Lake water surface ( Fig. 1) Zhang et al., 2016) . Two new sites of Saussurea alpina cold desert at the highest altitude and sandy land (ADS) near the lakeshore are currently under development (Fig. 1) . Observations of meteorological parameters include net radiation, air temperature, relative humidity, air pressure, precipitation, wind speed and direction, soil/water temperature, soil moisture, and soil heat flux. All the sensors are simultaneously measured every 5 s, and the raw data are averaged and recorded every 10 min by a datalogger (CR1000, Campbell Scientific). Groundwater level is monitored around the lake and along the main rivers. Discharges of the two largest rivers (the Buha and Shaliu rivers) are monitored by local hydrological stations. Pan evaporation and lake level are observed at the Xiashe hydrological station.
Dedicated Observations and Approaches
Extensive research has been done with remarkable accomplishments in the QLBCZO through a decade of efforts. The focus has been mainly on ecohydrology and the water budget at the ecosystem and watershed scales. Supported by the current QLBCZO key project of the National Natural Science Foundation of China, the scientific focus areas will be multiscale, multi-interface carbon-water processes in typical landscape units.
Previous Research: Ecohydrology and Water Budget at Ecosystem and Watershed Scales
The interactions between ecological processes and hydrological processes affect the water budget at both the ecosystem and the watershed scales. However, due to the complex geological environment, high altitude, and harsh working conditions, little field observation has been conducted into the ecohydrological processes across different ecosystems in the QLB. We have limited knowledge of how climate, water, and vegetation dynamics interact at the ecosystem scale. In addition, observational data on these interactions are also lacking at the watershed scale, and it is unclear how changes in heat and water conditions caused by variations in temperature and precipitation affect ecohydrological processes and water resources distribution across the entire watershed. To Qinghai Lake 36°39¢ N, 100°31¢ E 3195 --understand how the CZ architecture affects the ecohydrological processes and functions in the QLB, previous studies have measured the meteorological parameters, soil properties, vegetation characteristics, and water cycles in different ecosystems (Table 2) and analyzed the seasonal and annual water budget and its influence by freeze-thaw cycles, soil water content, and groundwater table fluctuations. At the ecosystem scale, systematic measurements have been conducted to investigate the various hydrological processes and water budget at different sites, such as: (i) canopy rainfall partition processes (stemflow, throughfall, and canopy interception) and how they are affected by meteorological and biological factors (Zhang et al., 2015) ; (ii) the influence of the heterogeneous soil architecture (soil macropores, root distribution, vegetated patches) on runoff and soil moisture Jiang et al., 2017; Zhang and Li, 2018) ; (iii) water use patterns of the different dominant species and their response to changing water conditions (Wu et al., 2016a (Wu et al., , 2016b ; and (iv) the energy budget and evapotranspiration and how they are influenced by environmental parameters at Qinghai Lake and the surrounding terrestrial ecosystems Zhang et al., 2016) .
At the watershed scale, isotopic tracers, remote sensing, and modeling approaches have been used to analyze the hydrological processes and water budget in the QLB, including: (i) inter-transformations among precipitation, river water, groundwater, and lake water (Cui and Li, 2014 , 2015a , 2015b ; (ii) spatial patterns of evapotranspiration and their control by energy and water conditions at different altitudes; and (iii) the response of surface runoff, evapotranspiration, and percolation to climate change.
Current Research: Observation, Measurement, and Modeling of Multiscale, Multi-interface Carbon-Water Processes
Current research aims to provide detailed interpretations of the controlling mechanisms and dynamic changes in carbonwater processes so as to improve our understanding of flow and solute transport along with biogeochemical turnover. However, three major issues pose challenges to measuring and modeling the coupled carbon-water processes in the QLBCZO. First, subsurface hydrogeological structures are often complex and exhibit strong physical and chemical heterogeneity that can greatly impact carbon-water processes. Second, river discharge (and therefore the river stage) can vary across a range of temporal scales from hours to multiyear, leading to dynamically exchanged subsurface-surface or lake flows that introduce computational challenges and unique biogeochemical activities (e.g., the existence of hot spots and hot Los Gatos Research every month moments). Finally, because of the multiple scales of physical and chemical heterogeneity in natural systems, carbon-water processes often require scale-dependent parameterizations and/or process representations, and the interactions among processes at different scales are poorly understood and difficult to predict. In summary, the carbon-water processes in the QLBCZO exhibit multiscale and multiple physical characteristics that motivate the development of integrated observation, experiment, and modeling approaches. The associated key questions include but are not limited to: (i) the three-dimensional architecture of vegetation-soil-rock and carbon-water storage; (ii) multiscale coupling and budgets of water and carbon; and (iii) interaction between freeze-thaw and carbon-water processes. Therefore, research sites of integrated field observations, laboratory measurements and modeling of the carbon-water processes (from pore, pedon, hillslope, to catchment scale) are designated in typical ecosystems along the altitude gradient with an additional representative alpine hydrology study area in the QLBCZO. A diagram of the design is summarized in Fig. 2 , including at-scale research activities, objectives, targeted mechanisms and processes, and potential linkages between.
Field Observation, Imaging, and Measurements from Soil Pore to Ecosystem Scales
The QLBCZO has been recognized as an ecologically and biogeochemically active zone that plays a critical role in ecosystems. Mixing of surface and subsurface waters containing variable levels of dissolved O 2 , dissolved organic carbon, nutrients, and other solutes, and thereby gives rise to complex coupled watercarbon processes. Observations of the carbon-water processes are conducted at selected stations (including a superstation and ordinary stations) along the altitude gradient and in typical landscape units including cold desert plant, cold meadow, shrub, grassland, sandy land, and lake body. Daily hydrological process monitoring includes: rainfall and rainfall processes (self-recording rain gauge), stemflow (self-made stemflow collector), throughfall (polyvinyl chloride pipe container), soil moisture contents at different depths (ECH 2 O water observing system), permeability and soil water processes in the lower root zone (drainage gauge leakage meter), surface runoff (runoff area), evapotranspiration (vortex correlation method), and groundwater level (water level meter). The monitoring of carbon exchange processes includes: net ecosystem carbon exchange (vorticity correlation), soil respiration (LI-8150 soil carbon flux automatic measurement system), aboveground net primary productivity, litter mass and quantity, litter decomposition, and soil microorganisms at different soil depths.
To resolve the three-dimensional architecture of the soilroot-rock system, deep coring is planned and combined with geophysical methods. Fifteen drilled boreholes are planned across the QLBCZO in different landscape units along the elevation gradients. Probes and sensors are installed in boreholes in each landscape for long-term continuous monitoring of the groundwater, soil temperature, soil moisture, and CO 2 concentrations. Undisturbed sediments (from the surface soil to the bedrock) packed in columns (with a diameter of 10 cm) are sampled to analyze the physical and chemical properties of the sediments and plant root characteristics (such as grain size distribution and composition, bulk density, saturated water conductivity, organic matter, soluble carbon content, etc.). The soil columns are then scanned and analyzed using XCT to obtain a three-dimensional pore morphology and the connectivity of the soil-plant root-rock system. Using GPR, ERT, hydrochemical and isotope analysis, and remote sensing inversion, the shape and spatial pattern of the subsurface structures and surface vegetation will be described, the surface and subsurface biomass and vegetation productivity will be analyzed, and the synergistic relationships among the soil-landscape, the surface water system, and subsurface preferential flow will be explored to reveal the heterogeneity of the QLBCZO and its influence on the spatial pattern of soil carbon and water reservation.
Representative Experimental Area and Design at the Slope to Catchment Scales
To systematically investigate the alpine region hydrology and carbon-water processes across scales, a representative catchment study area has been built, which is located in a valley on the north side of the QLBCZO (Fig. 3 , with an elevation of 3550-3700 m). The local vegetation types include alpine Kobresia meadow, Potentilla fruticosa shrub, and alpine swamp meadow. The nearby meteorological station data show that the average annual rainfall is 388 mm and the average annual temperature is −0.1°C. Based on the topographical characteristics, we divided the study area into four units: shady slope, sunny slope, riparian zone, and runoff area (Fig. 3 , including one river and four small creeks). Eight observation stations are arranged in the study area, including two on the shady slope, two on the sunny slope, three in the runoff area, and one in the riparian zone. Targeted science questions and dedicated experiments are planned as follows.
Standard hydrometeorological observations are conducted to provide the required forcing data for hydrological models. By using a Bowen ratio energy balance observation system, meteorological data (such as precipitation, air temperature and humidity, solar radiation, soil heat flux, soil temperature, atmospheric pressure, and wind) are collected. Geographic information system data such as terrain, vegetation, elevation, area, slope aspect, and slope angle are measured by GPS, unmanned vehicles, and other remote sensing technology. Runoff observations are conducted at different locations in the study area (Fig. 3) , including surface flow, subsurface stormflow, and river and spring water runoff.
At the slope to catchment scale, hydrometric experiments are conducted to collect soil physical properties as inputs for modeling, such as: (i) soil moisture, temperature, conductivity, and soil water potential in different depths; and (ii) soil bulk density, porosity, field capacity, mechanical composition, saturated hydraulic conductivity, and unsaturated hydraulic conductivity in different depths. Three canonical hydromorphic features using aquifer tubes that allow subsurface aqueous sampling, tracer tests, and thermal profiling are used. The tubes are installed in three-dimensional arrays distributed across the domain within each canonical feature. An autonomous ex situ sensor system that could automatically sample aquifer tube arrays is also installed. The resulting data could provide spatiotemporal estimates of the flow as well as conservative and reactive solute concentrations (dissolved O 2 , dissolved organic carbon, dissolved inorganic carbon, and specific conductance). In situ salt and tracer experiments (isotopic tracer, reactive geochemical tracer, and dye tracer) are performed to study the transport processes, identify physical and chemical hotspots, and parameterize reaction rates. Aqueous sampling for solute concentrations and character (e.g., Fourier transform ion cyclotron resonance mass spectrometry) are also conducted. The isotope tracer and geochemical tracer experiments are then measured and analyzed in the laboratory after collecting a series of water samples including: precipitation, atmospheric moisture, soil water, surface flow, subsurface stormflow, groundwater, river water, and spring water.
At the pedon scale, companion laboratory studies are being performed with intact core samples and sediments collected from the wells during their installation. An important objective of these studies is to characterize the controlling processes and process interactions as they may occur in the field to provide up-scalable reaction parameters to model field observations and behaviors. Laboratory studies are characterizing important attributes of key system components to allow development of reaction-based models, including the thermodynamic and surface chemical properties of the solid phase and the biochemical reaction mechanisms of key microorganisms mediating redox reactions. The sediment hydrologic properties (e.g., hydraulic conductivity and pore size distribution and connectivity) are also considered as essential controls on water, gas, and solute fluxes. Reactive transport experiments in the laboratory assess the rates of individual reactions under simulated in situ conditions as influenced by microbial biomass, sediment properties (e.g., porosity, mineralogical composition), and water flow to develop multicomponent reaction networks for linkage with transport models.
How Freeze-Thaw Processes Impact and Interact with Carbon-Water Processes
Soil freeze-thaw is an extremely complex process in the alpine region. With the occurrence of phase transition and the dynamic changes of soil physical, chemical, and mechanical processes, the water, energy, and nutrients in the soil will migrate and have a strong coupling effect (Xu et al., 2010) . Freeze-thaw cycles can significantly affect soil structure, water content, the water cycle, and energy exchange (Oztas and Fayetorbay, 2003) . It has been shown that freeze-thaw has a great impact on soil structure and stability, including the freeze-thaw rate, freeze-thaw temperature, soil moisture content, soil bulk density, and alternate times of freezethaw (Lehrsch et al., 1991; Lehrsch, 1998) . However, the impact of freeze-thaw on soil structure and moisture, especially the effect of the freeze-thaw cycle on soil bulk density, mechanical composition, soil macropores, and moisture transport, is not constrained.
Freeze-thaw cycles are an important process of soil formation and a major factor affecting the carbon-water processes and storage in alpine regions such as the QLBCZO. Most previous research has mainly focused on the effects of freeze-thaw on single processes or elements and shallow soils, and systematic study is lacking of the water-heat transfer between vegetation and soil (frozen soil) during freeze-thaw and its comprehensive effects on carbon migration, microbial activity, and soil respiration. The two-way interactions between freeze-thaw cycles and carbonwater processes need to be further explored in CZ research. The interactions between soil freeze-thaw processes and carbon-water processes are studied through borehole monitoring, geophysical methods, and laboratory experiments in a representative ecosystem-alpine meadow in the QLB. To study moisture transport and energy flux, in each borehole of the landscape units, a time domain reflectometry moisture observation system is installed to measure the soil moisture content at different depths; a soil temperature and humidity sensor (ML3 soil moisture temperature sensor) is used to measure the temperature profile of each layer of the soil. At selected sites in different landscape units, to monitor frozen ground, special polyvinyl chloride tubes have been designed and installed to measure the depth. At the pedon scale, GPR is used to detect the frozen soil thickness on the slope surface. Columns of undisturbed sediments sampled in the boreholes are placed in a freeze-thaw tester. A freeze-thaw cycle is simulated within 24 h. The freezing and thawing time is 12 h, and the freezethaw cycles are set to 0, 1, 3, 5, and 10 times. The freezing-thawing temperature difference is set to three groups: −10 to 10, −20 to 15, or −30 to 20°C. X-ray computed tomography scanning and threedimensional analysis along with soil physical and chemical analysis are used to obtain the soil bulk density, mechanical composition, agglomerate distribution, and three-dimensional characteristics of the large pores. At the early freezing period, frozen period, and melting period, deep seismic techniques are used to collect shallow, middle, and deep soils, and soil respiration is measured using an LI-8150 soil carbon flux automatic measurement system.
Multiscale Modeling and Simulation of Carbon-Water Processes
Laboratory research and modeling are integrated to study coupled processes and interactions across scales. Physical and chemical systems representative of QLBCZO microenvironments are studied in various model systems. Based on advanced structural imaging at different scales (e.g., XCT at the pedon scale, GPR and ERT at the slope and field scale), and experimental and theoretical studies of transport parameter upscaling for flow and solute from the pore to field scale, a multiscale modeling approach is built to simulate the carbon-water processes based on theories of flow and solute transport.
At the pore to pedon scales, based on the XCT-scanned sediment structures, pore-scale and Darcy-scale models (from one-to three-dimensional) are used to investigate flow and solute transport and the impacts of subsurface heterogeneities. The key roles of plant roots, microbial communities, and their interactions with the soil system and groundwater will be investigated at this scale. From modeling and computing perspectives, direct numerical simulations (e.g., solving Navier-Stokes equations) could provide detailed mechanisms and reaction-induced morphology changes (such as mineral precipitation and dissolution) but however could be computationally expensive. On the other hand, Darcy-based models could successfully predict transport behaviors but may ignore small-scale mechanisms. Therefore, a multiscale modeling approach will also be developed to couple at-scale simulators to guarantee both numerical accuracy and computational efficiency.
At the slope to catchment scales, both two-(slope) and three-dimensional (catchment) computational configurations are generated to calibrate and validate geophysics imaging (GPR and ERT) and process-based models. Subsurface flow and reactive transport are simulated by solving the Richards equation and advection-dispersion equations. Dynamic head boundary conditions specified from observations of the river water stage (river boundary) and interpolation of observations from inland wells (aquifer boundary) are used. Reactive transport simulations are based on a combination of previously published and newly developed network models calibrated from laboratory sediment experiments. It is also noted that using a two-dimensional domain is an optimum selection not only for simplicity, but it also allows us to develop, test, and demonstrate our approach prior to application to larger three-dimensional domains for which the computational efficiency of the numerical model would be more advantageous.
At the ecosystem scale, based on the analysis of the ecosystem model Biome-BGC (http://www.ntsg.umt.edu), the freeze-thaw process of frozen soil in the Community Land Model (CLM) Version 4.5 is coupled into Biome-BGC (the original version considered only the snow process), and the soil parameters of Biome-BGC are optimized based on the measured parameters of the soil characteristics of the sampling network. Based on this, for the typical ecosystem in the QLB, the long-term observation data from the meteorological stations in and near the basin and the mountain microclimate simulator MT-CLIM (Glassy and Running, 1994) are used for spatial interpolation (taking into account the complexity of the basin and the influence of topography) to drive the seasonal and interannual trends of key processes such as vegetation growth and carbon uptake, subsurface carbon allocation, soil decomposition and carbon sequestration, evapotranspiration, runoff, freeze-thaw depth of frozen soil, etc., to analyze the vegetation growth-frozen soil hydrological processsoil carbon sequestration interaction mechanism and to reveal the long-term patterns of vegetation and soil carbon and their regulation mechanisms. The climate-driven data of the regional grids in the IPCC Fifth Assessment Report (including past and future RCP 4.5 scenarios) is constructed based on the statistical method of downscaling to construct 1 km of climate-driven data in the QLB. The latest CLM 4.5 land surface process model is used to optimize soil parameters (such as porosity, freeze-thaw depth, etc.) based on the measured soil structure and compositional features of the sampling network. The spatial-temporal dynamics of carbon retention in the soil-vegetation system in the QLB in the past 30 yr and from 2020 to 2070 is simulated. Aiming at the obvious land-lake differentiation and land-lake hydrological interaction process in the QLB, the temporal and spatial trends of the key ecological hydrological processes such as evapotranspiration, land-lake exchange, and soil moisture dynamics in the past and future will be analyzed. Finally, the climate-change response mechanism of the atmosphere-vegetation-soil system in the QLB will be investigated.
Data Management and Policy
The open data policy in QLBCZO research will ensure that the outputs of the experimental data sets are timely and adequately utilized after a strict and organized data processing workflow. However, there will be a protection period so that the contributors can have first priority to use the original data. After the data protection period, the QLBCZO data set will be submitted to an open-source data management and sharing platform (the Heihe River Basin integrated observatory data archive, http://westdc. westgis.ac.cn/) with managed access.
New Insights and Novel Scientific Findings

Novel Scientific Findings from Previous Research
Previous studies to date in the QLBCZO has advanced ecohydrologic research in alpine ecosystems. The data collected at the leaf, ecosystem, and catchment scales have indicated that altitude combined with temperature (energy) and precipitation (water) gradients have significant impacts on hydrological partitioning and water yield in terrestrial ecosystems. Evapotranspiration (ET) and NDVI increased first and then decreased with increasing altitude, with a peak value at approximately 3500 m, suggesting that a possible optimum threshold of heat and water conditions existed for plant growth. The annual ET of Kobresia meadow and Potentilla fruticosa shrub in the high-altitude sites was 16 and 3% less than the annual precipitation, while the ET was 26% higher than precipitation for Achnatherum splendens steppe in the low-altitude site. The main influencing factors on evapotranspiration changed from water conditions to energy or temperature conditions with the increase in elevation (Zhang et al., 2016) . The Kobresia meadow ecosystem at high altitude was the main runoff-producing area, while Achnatherum splendens steppe at low altitude was the water consumption area.
We also found that cold alpine plants had flexible water use patterns to adapt to water-limited environmental conditions. In the sandy ecosystem, the native herbs (Carex moorcroftii Falc. ex Boott, Astragalus adsurgens Pall.) and shrub (Artemisia oxycephala Kitag.) mainly used water from the shallow layer in the growing seasons, while the introduced shrub (Hippophae rhamnoides L.) showed plasticity in switching between water from shallow and deep soil layers depending on soil water availability (Wu et al., 2016a) . The deeprooted grass A. splendens mainly used shallow soil water during the early growing season; at the peak of the growing season, it shifted water source from shallow to deep soil layers (Wu et al., 2016b) .
In addition, there are contrasting differences in energy partitioning between terrestrial ecosystems and the lake body, with annual sensible and latent heat accounting for 56 to 64 and 35 to 45%, respectively, of the net radiation for the terrestrial ecosystems; latent heat was more than five times higher than sensible heat for the lake water. The first exploration of lake-air fluxes of water and energy on Qinghai Lake revealed that there was a 2-to 3-mo delay between the maximum net radiation and maximum latent and sensible heat fluxes. Intraseasonal and seasonal variations in latent and sensible heat flux were strongly affected by different air masses. Westerly cold and dry air masses increased evaporation, while a southeasterly moist air mass suppressed evaporation . The result of this work has filled a knowledge gap in our understanding of complex lake-atmosphere interactions for high-altitude saline lakes and could be of critical importance for new insights into heat and water circulation and predictions of the potential impacts of climate change throughout the QTP. Stable isotope study revealed that evaporation from lakes to atmospheric vapor is fundamental to water cycling in the catchment; the annual contribution of lake evaporation to basin precipitation amounted to 23.42% (Cui and Li, 2015b) . Lake-atmosphere and lake-catchment interactions in alpine regions are still poorly understood and need further study.
New Insights from Current Research
In alpine hydrology research, subsurface flow and freezethaw cycles are two important and challenging factors that impact carbon-water processes and environmental and ecosystem changes. Based on the current QLBCZO, preliminary results on the associated research have been obtained.
The first preliminary finding is about the sources of subsurface flow on the alpine slope. Environmental isotopes have been used to separate subsurface flow into its event and pre-event components to investigate the sources and mechanisms of subsurface flow in a slope of the alpine meadow ecosystem of the QLB. By analyzing the characteristics of hydrogen and oxygen isotopes in precipitation, soil water, and subsurface flow, combined with the second source linear mixed model, the sources of subsurface flow were calculated. The results showed that the average contribution proportion of the pre-event water accounting for the subsurface flow was 83.57 and 78.17% in the upper layer (0-40 cm) and lower layer (40-80 cm), respectively, of the downslope, and 49.90 and 37.72% in the upper layer (0-40 cm) and lower layer (40-80 cm), respectively, of the middle slope. This indicates that the event water was the main source of subsurface flow in the middle slope, and pre-event water was the main source of subsurface flow in the downslope.
The second preliminary finding is about how freezing-thawing cycles affect net ecosystem exchange (NEE). Based on the temperature of the soil at a depth of 5 cm, each year was divided into three different periods: the freezing period (1 Jan.-11 Apr. 2014), the thawing season (11 Apr.-30 Oct. 2014) , and the postfreezing period (31 Oct.-31 Dec. 2014) . Daily averaged values of NEE during the freeze-thaw cycles in 2014 are shown in Fig. 4 . Because the processes of freezing and thawing dominate the alpine meadow ecosystem in different periods, NEE values were much lower in the thawing season than in freezing periods. Daily NEE variations were not evident in the freezing period; however, there were significant daily variations in NEE in the thawing season, which are closely related to sufficient soil water and the growth and phenology of the vegetation. The minimum daily NEE values were −0.37, −5.79, and −0.04 mmol m −2 s −1 in the freezing-thawing-freezing seasons, respectively. The total NEE values were 9.34, −174.14, and 22.21 g C m −2 d −1 in the freezing-thawing-freezing seasons, respectively. Thus, only in the thawing season did the ecosystem act as a carbon sink during the observation period.
Future Perspectives
The hallmarks of the QLBCZO are its unique location, terrain, climate, landscape, and the saline lake, which make it an ideal experimental field for ecohydrology and water resources research in cold alpine regions. The major focus of the QLBCZO lies in the processes, interactions, and functions among energy, water, and carbon fluxes in ecosystems, which is consistent with the objectives of CZOs. Despite many aspects in common with other CZOs, the differences include: (i) specific geographical characteristics; (ii) scarcity of data; and (iii) limited knowledge and huge research gaps. Thus, many open scientific questions are still available, for example, the integration of geomorphologic and geochemical studies, the role of microbial communities and their interactions with soil-plant systems, and how to optimize and regulate water resources. This overview of the QLBCZO provides a further conceptual interface between the QLBCZO and other CZO activities. The QLBCZO will also become a community platform open for national and international collaborations. In future, the research and data from the QLBCZO will be open to other research institutions and connected to international research campaigns to support the Earth and environmental science communities in addressing their specific research questions.
